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Open access under the ElWolbachia are a-proteobacteria that were ﬁrst reported in Culex pipiensmosquitoes early in the twentieth
century. Since then, the effect ofWolbachia on their host’s reproduction has drawn attention and has been
increasingly investigated. Given the extreme complexity of this interaction, new study cases are wel-
comed to enhance its understanding. The present work addressed the inﬂuence ofWolbachia on Cx. quin-
quefasciatus, the cosmopolitan member of the Cx. pipiens complex.
Samples of a Cx. quinquefasciatus colony (wPip+) originated from individuals naturally infected by Wol-
bachia pipientis B strain, were cured with tetracycline, yielding aWolbachia-free colony (wPip). Both the
presence of bacteria and the efﬁciency of bacterial elimination were checked by PCR of the wsp gene.
Total reproductive unidirectional incompatibility occurred when wPip females were crossed with
wPip+ males, whereas the other three types of reciprocal crosses were viable. Reproductive aspects were
also comparatively evaluated between colonies. Concerning oviposition time during the ﬁrst gonotrophic
cycle, wPip+ females developed and laid eggs earlier than did wPip females. Reproductive ﬁtness was
higher among wPip than wPip+ females regarding the following parameters: fertility: egg rafts/fed
females; fecundity: eggs/raft, and viability: larvae/eggs. Conversely, longevity of wPip females was
lower.
Summarising, although the infected mosquitoes have the advantage of a higher longevity, they have
lower reproductive ﬁtness. Our results are partly distinct from all other reports on Aedes and Culex mos-
quitoes previously published.
 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Wolbachia are a-proteobacteria originally discovered in the
ovaries of Culex pipiens (Hertig and Wolbach, 1924). Currently,
Wolbachia strains harboured by this mosquito are generally re-
ferred to as wPip. Since then, they have been detected in insects,
ﬁlarial nematodes, crustaceans, and mites. Recently, it was deter-
mined that up to 66% of all insect species carry Wolbachia
(Hilgenboecker et al., 2008). It is still unclear how many species
of Wolbachia exist; based on the sequence of protein-coding genes
(ftsZ, gltA, and groEL), Wolbachia strains are divided into ten super-
groups, A through K (Ros et al., 2009).
The extensive dispersion ofWolbachia can be attributed to their
great capacity to handle the reproductive ﬁtness of their hosts foria da relacao patogeno-hos-
ade de São Paulo, 05508-900
dek).
sevier OA license.its own beneﬁt (Anderson and Karr, 2001). Infections of Wolbachia
supergroups A and B, include induction of parthenogenesis in par-
asitoid wasps (Huigens et al., 2000), male-killing in Coleoptera
(Hurst et al., 1999) and Lepidoptera (Nakanishi et al., 2008), femi-
nization of genetic males in Lepidoptera (Narita et al., 2007) and
Hemiptera (Negri et al., 2006), and cytoplasmic incompatibility,
the sole alteration described in mosquitoes (Sinkins, 2004). Yen
and Barr (1971) were the ﬁrst to determine that Wolbachia cause
cytoplasmic incompatibility, i.e., the progeny of uninfected females
mated with infected males are not viable.
Culex quinquefasciatus, one of the species comprising the
Cx. pipiens complex is among the insects naturally-infected byWol-
bachia. This anthropophilic urban culicid known popularly as the
southern house mosquito is one of the most frequent urban mos-
quitoes in Brazil, where besides being a terrible nocturnal nuisance
and causing allergic responses (Malafronte et al., 2003), it is
responsible for transmission of bancroftian ﬁlariasis and several
neurotropic viruses of human and veterinary importance (Gaunt
et al., 2001; Figueiredo, 2007). As reported for Cx. pipiens, the
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the genotype of both organisms (Sinkins et al., 2005). Given the
complexity of this association, the investigation of other cases of
infection involving the southern mosquito would lead us to a more
complete understanding of such interaction.
After conﬁrming by PCR of the wsp gene (Zhou et al., 1998) that
our Brazilian Cx. quinquefasciatus colony was infected with Wolba-
chia pipientis of B strain we evaluated the kind of relationship
established between the symbiont and the insects of our colony.
Thus, in this paper we describe the effects of the eradication of
Wolbachia on the longevity and reproductive ﬁtness of a laboratory
line of Cx. quinquefasciatus from São Paulo, Brazil.
2. Materials and methods
2.1. Animals
Founder specimens of Cx. quinquefasciatus were initially col-
lected at margins of the Pinheiros River, São Paulo City, Brazil
(23350S, 46410W). Mosquitoes have been reared in a local insec-
tary since 1995, as recently described by Cardoso et al. (2010).
2.2. Morphology
Ovaries were dissected and ﬁxed in 0.5% glutaraldehyde plus 4%
paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.2), as
described in detail by Cardoso et al. (2010).
2.3. Detection of Wolbachia
Rapidmolecular detection ofwsp genewas also performed using
wsp primers 183F and 691R, according to Zhou et al. (1998). Ampli-
ﬁcations were checked by agarose electrophoresis (Fig. S2). Twenty
females PCR-positive for the presence ofWolbachiawere selected to
originate the Wolbachia-infected mosquito colony (wPip+).
2.4. Tetracycline treatment
Approximately 300 adult mosquitoes were fed sucrose solution
containing tetracycline hydrochloride (Boehringer Mannheim,
FRG) solution (pH 7.0) at a ﬁnal concentration of 1 mg/ml for
7 days. Three days after treatment completion, female mosquitoes
were allowed to feed on mice. After oviposition, 12 egg rafts, ran-
domly chosen, were placed in individual jars and allowed to hatch.
Emerged adult mosquitoes (F1) were submitted to the same treat-
ment. DNA of 10 F2 larvae of each jar was extracted and pooled for
monitoring the treatment effectiveness by PCR.
2.5. Obtaining a Wolbachia-free colony
Nearly 300 adult mosquitoes from wPip+ colony were treated
with buffered tetracycline as described above (Section 2.4). Their
progeny (F1 generation) was resubmitted to the antibiotic treat-
ment. The F2–F23 generations were tested fortnightly by PCR for
the presence of Wolbachia. Thirty-nine engorged females from
F23 were selected to initiate aWolbachia-free colony (wPip). After
generation F23 ten mosquitoes, wPip+ and wPip, were PCR tested
for the presence of the bacteria every 2 months. Naturally-infected
individuals of Aedes albopictus and Cx. quinquefasciatus were used
as positive controls to corroborate the negative results.
2.6. Experimental crosses
To test cytoplasmic incompatibility, all four reciprocal crosses
between wPip+ and wPip, were done in triplicate, using ﬁve virginfemales  one male. An additional set of ﬁve wPip females  one
wPip+ male (in triplicate) was made. Animals were maintained un-
der standard conditions with 10% sucrose until the seventh day of
life, when females were allowed to feed on anesthetized mice,
individually kept and provided with an oviposition cup. Females
whose eggs did not hatch had their spermatheca checked for the
presence of sperm. Fecundity and fertility were analysed in every
cross.
2.7. Ovarian development
Aiming to compare oocyte development between colonies,
ultrathin sections of ovaries of six females 48 post-blood meal
(PBM) from each colony were analysed by electron microscopy.
For oocyte growth assessment, the diameter of 30 round-shaped
vitellin granules per follicle (three follicles per ovary, 540 granules
per colony) was measured.
2.8. Reproductive ﬁtness and offspring viability
Sixty females were separately placed in oviposition cups pro-
vided with 10% sucrose. Oviposition cups were checked for eggs
twice a day (fertility); the rafts were individually removed and
photographed. The number of eggs in each raft (fecundity) was
determined by counting individual eggs in digital photographs.
Oviposition cups were held at 26 C for egg hatching, with
approximately 30 mg of ﬁsh food/cup to feed the newly hatched
larvae. Afterwards, nearly 50 mg of ﬁsh food were added daily until
the pupae formed. The percentage of hatched eggs in each raft (lar-
vae/eggs – viability) was determined by counting the number of
larvae L1, and the number of emerged adults (sex ratio) was calcu-
lated and analysed by the t-test. For the oviposition time assay, 30
females of each colony were used and egg rafts were recorded each
3 h.
2.9. Longevity
One hundred female and one hundred male pupae of each col-
ony were separated and allowed to emerge in two cages with pro-
vision of 10% sucrose. On the seventh day of life, they were allowed
to feed on mice as described above. As control, another ﬁfty female
and ﬁfty male pupae of each colony were maintained only with su-
crose diet. Three times a week, dead animals were removed and
counted (until no more animals remained: 60 days). For statistical
analysis, Kaplan–Meir estimates and Cox’s-F test were employed.
2.10. Software and equipment
Statistica 7.0 (StatSoft, Inc.) was used in statistical analyses.
Images were captured with a Leica MZ75 stereoscope or a Leica
DMLB microscope with a digital camera and processed with Leica
IM50 Image Manager software. Ultrastructural studies were car-
ried out at 80 kV with a JEOL 100CX transmission electron
microscope.
3. Results
3.1. Antibiotic treatments
The treatment of adults with 1 mg/ml tetracycline for a week
for two successive generations showed, by PCR, eradication of
the infection up to the F23 generation, when we established the
wPip+ and wPip colonies, used in this report. PCR tests carried
out bimonthly did not accuse any Wolbachia-positive individual
in wPip-.
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In the wPip+ males wPip females crosses, only 10 out of 30
females laid eggs that did not hatch. Eight of these ten females
had motile sperm in their spermatheca. In the other crosses, wPip+
males wPip+ females, wPip- males wPip females and wPip
males wPip+ females, 10, 7, and 10 females laid eggs, respec-
tively. These last crosses were considered successful since egg via-
bility was nearly 85% for each of them.
3.3. Morphological analysis of the ovaries
At 48 h PBM, morphometric analyses of yolk granules based on
diameter revealed that those of wPip+ females (median = 4.87 lm;
25% = 3.85; 75% = 5.88) were signiﬁcantly larger (p < 0.0001,
Mann–Whitney test) than those of wPip- (median = 4.23 lm;
25% = 3.48; 75% = 5.17). Consistently, at the same time, the perioo-
cytic space of wPip+ follicles already displayed the fusion of the
endochorion plates forming a single structure (Fig. 1A, asterisks),
as well as the presence of numerous electron-dense vesicles
(Fig. 1A, arrowheads) on the apical surface of the follicle cells, sug-
gesting the incipient formation of exochorion (Fig. 1A). At this
time, follicle cells of wPip+ ovaries also displayed signiﬁcant vacu-
olisation (Fig. 1A, stars), suggesting the beginning of their degener-
ative process. On the other hand, wPip- follicles were just
beginning to display electron-dense granules in the perioocyticFig. 1. Electron micrographs of ovarian follicles 48 h PBM. A. wPip+ oocyte (O)
exhibits large-sized, fairly uniform yolk platelets (Y) while its perioocytic space
already displays the fusion of the endochorion plates forming a single structure
(asterisks). Numerous electrondense vesicles (arrowheads) in the apical surface of
the follicle cells are present, suggesting the incipient formation of exochorion.
Follicle cells (F) also present vacuolisation (stars) suggesting the beginning of their
degenerative process.B. wPip oocyte (O) has yolk platelets (Y) heterogeneous in
size while perioocytic space is just beginning to display electrondense granules
(asterisks). Vesicles are not observed at the apical surface of the still well preserved
follicular cells (F). L: lipid droplets. Y: yolk platelets. Bar: 10 lm.space (Fig. 1B, asterisks). Raw measurements are available at sup-
plementary data (Table S1). Transmission electron microscopy also
evidenced the presence of Wolbachia in the mosquitoes’ ovaries
(Fig. S1).
3.4. Oviposition time
Females of both colonies laid their eggs between 72 and 84 h
PBM (Fig. 3.; Table 1). Statistical comparison considering the whole
oviposition period showed that wPip+ females laid eggs earlier
(chi-square = 18.88; df = 5; p < 0.01).
3.5. Fitness
Reproductive ﬁtness of wPip females was higher than that of
wPip+ females in all the parameters measured (Table 1). Fertility:
rafts/fed females (chi-square = 34.39; df = 3 p < 0.001); fecundity:
eggs/raft (chi-square = 23.76; df = 3; p < 0.001), and viability: lar-
vae/eggs (chi-square = 380.19; df = 3; p < 0.001). No bias in the
sex ratio was observed in the wPip+ or wPip colonies.
In contrast to better reproductive performance, the aposymbi-
otic blood fed females (median) died signiﬁcantly earlier compare
to the infected ones (p < 0.001; Cox’s F-test). Among males and the
unfed females, no survival difference between infected and apo-
symbiotic individuals was detected (Figs. 2a, 2b, 2c; Table S2).4. Discussion
As no infection was detected in the colony after treatment of
two subsequent generations of adult Cx. quinquefasciatus with
1 mg/ml tetracycline, it is arguable that such procedure was en-
ough to drastically decrease or remove the presence of Wolbachia.
As suggested by Dobson and Rattanadechakul (2001) for Aedes alb-
opictus, the treatment of adults would be more effective than other
instars. Apparently, our procedure was a little more efﬁcient than
theirs, which involved the administration of only 0.5 mg/ml to a
single generation of Ae. albopictus. Although the peculiarities of
mosquito species and Wolbachia strains cannot be ruled out, anti-
biotic treatment of two consecutive generations is theoretically
more effective (Kambhampati et al., 1993).
We cannot deﬁnitively rule out the possibility that the effects
observed are partly a result of genetic drift over the generations
after bacterial eradication. Nevertheless, we have indirect evidence
that it is not the case: we compared wing shape among wPip+,
wPip and parental colonies (unpublished results), a useful marker
to preliminarily assess quantitative genetic variability (Dujardin,
2008). Shape variability was similar among all samples indicating
that at least wing traits were not altered by genetic drift stemming
from antibiotic treatment. Effects of genetic drift should be more
profoundly investigated in further studies.
The efﬁciency of our treatment is shown by the strong cytoplas-
mic incompatibility revealed by the absolute lack of development
of progeny when wPip females were crossed with wPip+ males,
while the other three types of reciprocal crosses were viable. Sim-
ilar results were reported for the same mosquito species by O’Neill
and Paterson (1992) and Sinkins et al. (2005). This phenomenon,
which confers a tremendous advantage to infected females, appar-
ently results in loss of paternal chromosomes during embryogene-
sis (Tram and Sullivan, 2002). In mosquitoes, as well as in the other
diplo-diploid insects, this fact results in embryonic death (Callaini
et al., 1996), and the same is true in most haplo-diploid insects
(Tram et al., 2003) (see also the review by Merçot and Poinsot,
2009).
Wolbachia-free Cx. quinquefasciatus lay statistically more egg
rafts per female and produce more eggs per raft, showing higher
Fig. 2a. Males longevity. Wpip-: uninfected females; Wpip+: infected females.
Fig. 2b. Unfed females longevity. Wpip: uninfected females; Wpip+: infected females.
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Wolbachia infection reduces the reproductive ﬁtness of Cx. quinque-
fasciatus, are in contradiction with other authors. Dobson et al.
(2002) and Dobson et al. (2004) showed that egg number and
viability were higher in Wolbachia-infected Ae. albopictus than in
aposymbiotic mosquitoes. Similarly, Weeks et al. (2007) described
the interaction ofWolbachia and Californian Drosophila simulans, in
which the symbiotic relation withWolbachia had changed over the
preceding 20 years: at that time, infected females were 10–20%
less fecund than uninfected ones, while presently infected ﬁeld
ﬂies exhibit, in the laboratory, an average 10% fecundity advantage
over the aposymbiotic ones. Those authors described the quick
spread of the infection in the D. simulans populations of North
America, occurring simultaneously with the fecundity advantages
(Weeks et al., 2007; Turelli and Hoffmann, 1995).
The ﬁtness differences described above can be attributed to the
high heterogeneity of Wolbachia-infecting arthropods, the super-
groups A and B, which have been shown to be phylogeneticallyincongruent with their hosts (Werren et al., 1995), a fact attributed
to a horizontal transmission of the symbiont. A common source of
food has been ascribed to this phenomenon in some insect species
(Huigens et al., 2000; Stahlhut et al., 2010). In general, the insect
phenotype resulting from Wolbachia infection is primarily depen-
dent on the genotypes of both host and symbiont involved. For in-
stance, infection by the same strain of wPip may be costly in some
Culex genotypes, but not in others (Duron et al., 2006).
Despite the fact that Wolbachia-infected mosquitoes presented
lower fertility, they lived signiﬁcantly longer, particularly the
blood fed ones. It is possible that the lower longevity of wPip is
not a direct effect of bacterial absence, but rather a consequence
of the ‘‘cost of reproduction’’ (sensu Williams, 1966). Augmented
fertility and fecundity accompanied by decreased longevity was re-
ported for Ae. albopictus infected with wAlbA&B (Dobson et al
2002).
Our results also reveal that the Wolbachia-infected females de-
velop and lay their eggs earlier compared to the cured mosquitoes.
Fig. 2c. Blood fed females longevity. Wpip: uninfected females; Wpip+: infected females.
Table 1
Absolute and relative numbers concerning reproductive ﬁtness of Cx. quinquefasciatus.
Fed females Rafts Eggs Larvae Fecundity (%) Fertility (mean) Viability (%)
wPip wPip+ wPip wPip+ wPip wPip+ wPip wPip+ wPip wPip+ wPip wPip+ wPip wPip+
1st 44* 44* 34 24 7018 4651 6098 3719 77 55 206 193 87 80
2nd 33* 22* 23 15 4414 2213 1923 682 70 68 191 148 43 31
3rd 19* 18* 12 10 1898 1293 689 334 74 56 158 129 36 26
4th 10* 3* 8 3 764 239 188 41 80 100 95 80 25 17
Total 79 52 14094 8396 8898 4776 Mean 74** 60** 163 138 48 39
* Number of fed females out of 60 initially available.
** 4th gonadotrophic cycle not included.
Fig. 3. Graphical presentation of ovipositing females (Y axis) per hours after blood meal (1st Gonadothrophic cycle).
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the presence of Wolbachia, which was conﬁrmed by the detection
of precocious development of exochorion in wPip+. This effect
and induction of cytoplasmic incompatibility, seem to be the only
reproductive advantages that infected females have over theaposymbiotic ones. Similarly, Ahmed et al. (2001) observed a lower
number of eggs for Anopheles gambie infected with Plasmodium
yoelli nigeriensis and demonstrated that this was due to a reduction
in vitellin amount in eggs and a reduction in vitellogenin mRNA
levels in fat body cells. Beyond those models of Wolbachia infec-
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what that of some vectors of different pathogens. Lima et al.
(2003) described that Wuchereria bancrofti consumes nutrients
originally intended for egg production in Cx. quinquefasciatus.
There are also reports of single natural populations of Cx. pipiens
showing multiple infections by Wolbachia (Duron et al., 2010),
which may hinder the understanding of the effects of this associa-
tion. In the present case, evidence obtained by our group (Morais
et al., submitted for publication) lead us to believe that our Cx.
quinquefasciatus colony harbours a single wPip line. The recent
completion of the genomic sequence of Wolbachia pipientis (Klas-
son et al., 2008) will undoubtedly bring new light on these intrigu-
ing Wolbachia-host interactions.
The multiplicity of consequences concerning host-Wolbachia
interactions make it almost obligatory to develop microevolution-
ary studies, which will allow us to better understand the kind of
the relationship between these two organisms. Another important
question that must be resolved in future experiments is to deter-
mine the kind of cross-types between the different populations
of São Paulo State.
5. Conclusions
The association of Wolbachia with Cx. quinquefasciatus in the
present case is characterised by reproductive alterations.Wolbachi-
a-infected females had the advantages of developing and laying
eggs earlier and living longer than the cured ones. On the other
hand, after bacterial eradication with tetracycline, Wolbachia-free
females laid more eggs, which showed higher hatching rates than
those of the infected mosquitoes. Total reproductive incompatibil-
ity was observed in the cross of cured females  infected males,
whereas the other crosses were viable. Since the effects of Wolba-
chia infection depend on many factors and the current knowledge
is still fragmentary, the investigation of new cases of Wolbachia –
Cx. quinquefasciatus co-ocurrence are encouraged.
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